Recombinant adenoviral vectors are effective in transferring foreign genes to a variety of cells and tissue types, both in vitro and in vivo. However, during the gene transfer, they may alter the principal function and local environment of transfected cells. Increasing evidence exists for a selective adrenotropism of adenovirus during infections and gene transfer. Therefore, using bovine adrenocortical cells in primary culture, we analyzed the influence of different adenoviral deletion mutants on cell morphology and physiology. Transfection of cells with an E1͞E3-deleted adenoviral vector, engineered to express a modified form of the Aequorea victoria green fluorescent protein, was highly efficient, as documented by fluorescent microscopy. Ultrastructural analysis, however, demonstrated nuclear fragmentation and mitochondrial alterations in addition to intranuclear viral particles. Basal secretion of 17-OH-progesterone, 11-deoxycortisol, and cortisol was significantly increased by E1͞E3-deleted vectors; yet, the corticotropinstimulated release of these steroids was decreased. Interestingly, neither purified viral capsids nor E3͞E4-deleted adenoviral mutants altered basal and stimulated steroidogenesis of adrenocortical cells. An intact adrenal response is crucial for adaptation to stress and survival. Therefore, the implications of our findings need to be considered in patients with adenoviral infections and those undergoing clinical studies using adenoviral gene transfer. At the same time, the high level of transfection in adrenocortical cells might make appropriately modified adenoviral vectors suitable for gene therapy of adrenocortical carcinomas with poor prognosis.
G
ene therapy, that is, the treatment or prevention of disease by gene transfer, has been considered a revolution in medicine. As a result, approximately 300 clinical protocols involving gene transfer have been approved in the U.S. and Europe over the last 20 years, with more than 3,500 patients treated (1) . Yet, there is still no conclusive evidence for its efficacy, and recent concern has arisen about its safety. Although this outcome disappointed both the professional and lay communities, important information has been collected from preclinical and clinical studies, and with the recent advances in ''genomics'' and ''proteomics,'' gene therapy is likely to become a reality within the next decades. Together with retroviruses, adenoviruses are the most commonly used viral vectors in clinical trials. Recombinant adenoviral vectors (RAVs), genetically modified by deletions within the viral genome to allow insertion of foreign genes (transgenes), have been successfully used for gene transfer to different tissues (2) . Their limited effectiveness has been proven in phase I clinical trials to treat cystic fibrosis (3, 4) , as well as in the treatment of several tumors (5, 6) , including endocrine neoplasias (7, 8) . Recently, however, there have also been reports of significant toxicity associated with administration of RAVs to primates (9, 10) and humans (11) .
There is evidence that the adrenal gland is a major target for adenovirus. Indeed, a selective adrenotropism of this virus has been demonstrated in mice (12, 13) and calves (14, 15) during experimentally induced infections. In the former, viral attack affected all three zones of adrenal cortex, with 80% or more of the cells exhibiting intranuclear inclusions (12) . Electron microscopy revealed changes in nuclear morphology, with the appearance of nucleolar hypertrophy and angular crystals associated with intranuclear virion accumulation (13) . In the latter, acute focal nonsuppurative necrosis was present in the zona glomerulosa and fasciculata and occasionally in the zona reticularis and medulla of the adrenal glands, with pyknotic nuclei and eosinophilic intranuclear inclusions (14, 15) . Morphologic and histologic changes in the adrenal cortices, including edema of the capsule and stroma, loss of trabecular structure, and delipidization, have also been described in infants with generalized adenoviral infections (16) .
More recently, animal studies using RAVs for fetal gene therapy have demonstrated an efficient and persistent transgene expression in the fetal adrenal gland (17) (18) (19) (20) . Our group has recently shown that a single intraadrenal injection of an adenoviral vector encoding the cytochrome P450 21-hydroxylase gene induces compensation of biochemical, endocrine, and histological alterations in 21-hydroxylase-deficient mice, suggesting that corrective gene therapy is a feasible option for the treatment of congenital adrenal hyperplasia (21) . Furthermore, adenoviralmediated transfer of a suicide gene in vitro has successfully been tested in human NCI-H295 and mouse Y-1 adrenocortical cancer cells (22) .
Despite this evidence, the direct effect of RAVs on adrenocortical cell function and hormone release has not been explored thus far. Therefore, we transduced bovine adrenal cortical cells (BACCs) in primary culture with different adenoviral deletion mutants and studied their effect on cell morphology, ultrastructure, proliferation, and steroidogenesis under both basal and corticotropin (ACTH)-stimulated conditions. isolated as described (23, 24) . Briefly, adrenals were submerged in 70% ethanol for 10 sec and freed of fat and connective tissue. Glands were then cut into halves, the medulla was removed, and the cortex was scraped off the capsule and cut into small pieces. After being washed in DMEM͞F12 medium (containing 200 units͞ml of penicillin, 200 g͞ml of streptomycin, 50 g͞ml of gentamicin, 0.5 g͞ml of fungizone, 2.438 mg͞ml of NaHCO 3 , and 1% of 1 M Hepes), cortical tissue was digested with 2.5% trypsin dissolved in the same medium. Cortical cells were then separated by centrifugation (800 ϫ g) and filtration after erythrocyte lysis. Viability of isolated cells, tested by trypan blue exclusion, was greater than 90%.
Cortical cells were grown in DMEM͞F12 medium adjusted to contain 10% FBS, 100 units͞ml of penicillin, 100 g͞ml of streptomycin, 25 g͞ml of gentamicin, 0.25 g͞ml of fungizone, 2.438 mg͞ml of NaHCO 3 , and 1% of 1 M Hepes at 37°C in a 5% CO 2 atmosphere. Culture medium was replaced every 24 h. For the experiments, cells were seeded either on 24-well polystyrene plates (Corning) at a density of 2 ϫ 10 5 cells per well or in 75-cm (26); (iii) dl1011 (E3͞E4-deleted, expressing none of the products of the early region 4) (27) ; and (iv) dl1014 (E3-deleted͞E4 partially deleted, expressing none of the products of the early region 4 except for those of the ORF 4 domain) (27) . All viral stocks were purified twice by cesium chloride density-gradient centrifugation (Beckman L-80 ultra-centrifuge) and plaque titered in triplicate by serial dilution and agar overlay on their respective transcomplementing cell lines according to standard protocols (27, 28) . Viruses were amplified by standard techniques and analyzed by restriction digestion of proteinase K-digested viral DNA. Clinical-grade lipopolysaccharide-and endotoxin-free stocks of 1.5 ϫ 10 11 particles per ml were prepared and stored at Ϫ80°C. Viral titers of 4.5 ϫ 10 5 viral particles per well (24-well plates) or 25 ϫ 10 6 viral particles per flask (75-cm 2 flasks) from these stocks were used for the experiments.
In addition to these vectors, purified viral capsids were also tested in some experiments. Viral capsids were isolated by double banding in CsCl gradients and dialyzed 6 times against 1,000 volumes of buffer containing 10 mM Tris (pH 7.4), 1 mM MgCl 2 , and 50% glycerol (29) . The protein concentration of empty adenoviral capsids was determined by the Bradford method (Bio-Rad) and compared with protein concentrations of plaque-titered virus to determine capsid protein viral equivalents.
Optical and Fluorescent Microscopy. Twenty-four hours after transduction by the AdGFP vector, cortical cells in 24-well plates were examined by an Olympus (New Hyde Park, NY) Inverted System Microscope IX70 with Inverted Reflected Light Fluorescence Observation Attachment. A specific GFP cube (U-MWIB͞GFP) was selected for fluorescence. Cells were photographed with the integrated camera.
Electron Microscopy. For electron microscopy, cells transduced by AdGFP for 24 h in 75-cm 2 flasks were harvested with PBS͞ EDTA and pelleted at 800 ϫ g for 10 min. Cellular pellets were fixed in 4% glutaraldehyde in 0.1 M phosphate buffer (pH 7.3) for 2 h, postfixed in 2% OsO 4 in 0.1M cacodylate (pH 7.3) for 1 h, dehydrated in ethanol, and embedded in epoxy resin. Ultrathin sections (70 nm) were stained with uranyl acetate and lead citrate and examined at 80 kV under a Philips (Electronic Instruments, Mahwah, NJ) electron microscope 301.
Cell Proliferation. Cell proliferation was assayed by [
Basal and Stimulated Steroid Secretion. For these experiments, cortical cells were incubated with the above described adenoviral mutants or purified viral capsids in 24-well plates for 24 h. After this procedure, plates were gently washed with serum-free medium, fresh culture medium was added, and cells were cultivated for 3 more days. Cells were then incubated in serumfree medium containing 5 ϫ 10 Ϫ3 M ascorbic acid, 0.001% wt͞vol transferrin, and 0.01% wt͞vol bacitracin (23, 24) in the absence (basal steroidogenesis) or presence (stimulated steroidogenesis) of different concentrations of ACTH (from 10 Ϫ10 M to 10 Ϫ8 M). After 24 h, supernatants were collected and cortical cells were lysed in 0.1% Triton X-100. Both supernatants and cell lysates were stored at Ϫ80°C until thawed on ice for analysis. Experiments were performed in quadruplicate.
Steroid Measurements. Steroids were measured in supernatants. Pregnenolone, 17-OH-pregnenolone, progesterone, 17-OHprogesterone, and 11-deoxycortisol were measured by RIA after extraction with hexane-ethyl acetate and chromatography (Esoterix Endocrinology, Calabasas Hills, CA). Cortisol was measured by RIA with a kit from DPC (Los Angeles) (for specifications of the assays, see Table 2 , which is published as supporting information on the PNAS web site, www.pnas.org). Results were corrected for cell protein concentration, measured in the cell lysates by the Bradford method (Bio-Rad).
Data Analysis. Results are presented as the mean Ϯ SEM from a minimum of three experiments. All data were tested for normal distribution and equal variance. Statistical significance was determined by unpaired Student's t test or Mann-Whitney rank sum test with commercially available software. Differences were considered significant at P Ͻ 0.05.
Results

Efficacy of Adenoviral Transduction in BACCs.
Twenty-four hours after transduction by the AdGFP vector, inspection of the cells by phase-contrast microscopy revealed a higher confluence in transduced BACCs (80-90%) (Fig. 1b) vs. nontransduced cells (60-70%) (Fig. 1a) . In contrast, the confluence of cells transduced by dl1011 and dl1014 was not different from that of nontransduced cells (not shown). When compared with background (Fig. 1c) , fluorescent microscopy of AdGFP-transduced cells showed a level of transgene expression close to 100% (Fig. 1d ). One week after transduction, GFP was still expressed at a high level (not shown).
Effect of Adenoviral Transduction on BACCs Ultrastructure. The ultrastructure of nontransduced BACCs was characterized by a cytoplasm typically filled with ample smooth endoplasmic reticulum and round or elongated mitochondria with tubulovesicular internal membranes (Fig. 2a) . In contrast, mitochondria of AdGFP-transduced cells appeared pleiomorphic, exhibiting a reduced amount of tubular internal membranes. More specifically, the cristae had a lamellar morphology, characteristic of nonsteroidogenic cells or steroidogenic cells after deprivation of trophic hormones (31) . In addition, the mitochondrial matrix frequently contained crystalline structures (Fig. 2b) . Segmentation of the nucleus was also observed (Fig. 2c) and, viral particles of 60 nm in diameter were found in the nucleus of transduced cells (Fig. 2d) . (Fig. 3) , consistent with their higher confluence (Fig. 1b) .
Effect of Adenoviral Vectors on BACCs Cortisol Secretion.
When compared with controls, BACCs transduced by the E1͞E3-deleted AdGFP vector showed a significantly increased basal cortisol secretion (32.04 Ϯ 3.48 vs. 13.73 Ϯ 1.53 pmol͞mg of cell protein, P Ͻ 0.001) (Fig. 4 Upper) . On the contrary, the stimulated cortisol secretion, which in both non-and AdGFPtransduced cells reached a peak at 10 (Fig. 4 Lower). To confirm that this effect was related to the adenoviral vector itself, rather than to the GFP expression, we transduced BACCs with a second E1͞E3-deleted vector (AdLacZ) carrying a different transgene (lacZ). In addition, we tested purified viral (Fig. 5 Lower) .
Effect of Adenoviral Vectors on BACCs Secretion of Other Steroids.
The effect of AdLacZ, dl1011, and dl1014 on the release of other steroids from BACCs was also studied and compared with that of nontransduced (control) cells. Results from these experiments are summarized in Table 1 . Progesterone secretion from cells transduced either by AdLacZ or dl1011 or dl1014 was not different from that of control cells. However, AdLacZ affected the secretion of both 17-OH-progesterone and 11-deoxycortisol with the same pattern observed for cortisol (increased basal secretion͞decreased stimulated secretion). On the contrary, and similarly to what had been observed with cortisol, there was no effect of dl1011 or dl1014 on the secretion of these two steroids. Pregnenolone and 17-OH-pregnenolone were also measured but their levels were below the detection limit of the assays in both transduced and nontransduced cells.
Discussion
Currently, there are two main categories of gene therapy vehicles, nonviral and viral. The former is generally less toxic and immunogenic than the latter, but also suffers from inefficient gene transfer and low gene expression, especially in the in vivo condition. On the other hand, viral vectors have often been the first choice in gene-transfer studies because of the inherent capacity of certain viruses to enter the cell, translocate into the nucleus, and efficiently express their genes, properties that were acquired through millions of years of evolution and selective pressures. However, there is now growing concern about the safety of viral vectors (9) (10) (11) .
Intact adrenal function is a prerequisite for adaptation to stress and survival in all mammalian species (32) . In the present study, we tested the possibility that in vitro transfection with RAVs commonly used in gene therapy may cause functional and morphological alterations of the adrenal cortex.
Transgene expression mediated by an E1͞E3-deleted vector was highly efficient in our model of isolated BACCs in primary culture, which reinforces the evidence for a natural adrenotropism of adenoviruses, reported in animal and human studies (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . Adenoviral transduction was followed by alteration of the ultrastructure of adrenocortical cells. The most significant changes involved mitochondria, in which a significant part of steroidogenesis takes place. Under physiologic conditions, the structure of adrenal mitochondria reflects the functional status of the gland, and reduction of internal membrane is usually accompanied by a decreased steroidogenic capacity (33) . The mitochondrial matrix of transduced BACCs frequently contained crystalline structures. Similar structures have been observed in the nuclei of mouse adrenocortical cells during adenoviral infection, and it was suggested that they may represent aggregates of viral particles (13) . In addition to mitochondrial alterations, we could demonstrate fragmentation of the cell nucleus, which was correlated to the number of intranuclear viral particles. Interestingly, fragmented nuclei have also been described in adrenal cells after infection by herpes simplex virus type I (34) . Adenoviral transduction can cause cell apoptosis (35) and nuclear fragmentation may be a sign of this process. However, we did not detect other signs of programmed cell death, such as increased number of condensed nuclei or apoptotic bodies. On the other hand, cell proliferation was increased after transduction.
Adrenocortical response to ACTH was significantly suppressed by E1͞E3-deleted vectors. The marked decrease in the stimulated secretion of 17-OH-progesterone, 11-deoxycortisol, and cortisol may suggest an interference of these vectors with the activities of 17␣-, 21-, and͞or 11␤-hydroxylases. On the other hand, the increased basal steroidogenesis may be related to the increased cell proliferation. Similar modifications in patterns of steroidogenesis have been reported in Y-1 mouse adrenal tumor cells after transformation by a simian adenovirus (36, 37) . Neither purified empty capsids nor E3͞E4-deleted vectors affected adrenocortical cells secretion of cortisol and cortisol precursors. These observations indicate that the changes in steroidogenesis after adenoviral transduction are secondary to internalization of the vector into the cells, which is in line with our ultrastructural findings. The altered steroid secretion may be related to transcription and͞or translation within the adenovirus E4 region, because E4 deletion annulled it. However, the lack of effect on adrenal steroidogenesis from the dl1014 mutant, deleted in the entire E4 region except for the ORF 4 domain, suggests that this domain is not implicated in the steroid changes.
In summary, our data show that adenoviral-mediated gene transfer can interfere with the normal function of the adrenal cortex. As the ''end organ'' of the human stress system, the adrenal gland has the capacity to maintain through appropriate morphologic, physiologic, and molecular changes the steroid balance necessary to cope with the altered demands of stressful states (32) . Therefore, its integrity must be preserved in clinical studies using adenoviral vectors for gene transfer. From this point of view, our findings suggest that E4 deletion should be taken into consideration when designing RAVs for clinical gene therapy.
More generally, impairment of adrenal steroidogenesis may become relevant not only during adenovirus-mediated gene transfer, but also during adenoviral infection. Recently, evidence is accumulating for life-threatening adenoviral infections not only in immunocompromised patients, but also in immunocompetent individuals (38) (39) (40) . Interestingly, substantial corticosteroid elevations have been described during the course of acute, severe, natural adenovirus 4 respiratory illness in young men (41) . An impaired adrenal glucocorticoid release during adenoviral infection may lead to a feedback increase in central corticotropin releasing hormone (CRH) levels, which, considering the well documented role of CRH and glucocorticoids in mood, anxiety, and depression (42) , might explain some of the milder symptoms seen in patients with adenoviral infections, such as malaise, disrupted sleep, and negative emotional reactions. Finally, adrenal insufficiency has been implicated in the mortality of patients with generalized adenoviral infections (16) . Therefore, based on these considerations and on our results, we propose testing of the hypothalamo-pituitary-adrenal axis function in patients with severe adenoviral infections.
In conclusion, this study demonstrates a direct effect of adenoviral vectors on adrenal cell function and steroidogenesis. Considering the wide use of adenovirus-mediated gene transfer, these findings need to be considered in experimental and clinical studies applying such vectors. In addition, the high efficacy of adrenocortical transfection can make adenoviral vectors promising for cancer gene therapy of adrenocortical carcinomas with poor prognosis. 
